A sub-micron grained microstructure in an Al-0.2 mass% Sc alloy was produced by high strain deformation using Equal Channel Angular Pressing (ECAP). The alloy was solution treated prior to deformation, deformed by ECAP then aged at low temperature to produce a sub-micron grained microstructure with a large fraction of high angle grain boundaries (HAGB) decorated with fine Al 3 Sc particles. General grain stability and particle/grain boundary interactions were studied using scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), focussed ion beam (FIB) microscopy and transmission electron microscopy (TEM). The fine-grained microstructure was found to be highly stable during annealing at temperatures up to 500 C due to Zener pinning from stable Al 3 Sc particles. The volume fraction, f , and average radius, r, of particles and their rate of coarsening were found to have a strong influence on grain growth. It was found that the limiting grain size, R c , in the Al-Sc alloy may reasonably be predicted by the relation: R c ¼ 0:17r=f . This relation is known to be applicable for coarse-grained alloys (>1 mm) and indicates its validity for predicting the limiting grain size in sub-micron, particle-containing alloys.
Introduction
The past few years have seen a considerable interest in the development of ultrafine grained or nanostructured alloys by various processing routes. 1, 2) Alloys can now be produced with grain sizes below $1 mm and these generally exhibit different properties compared with the same alloys produced by conventional processing routes. 1) For example, potential property improvements include increased strength, toughness and fatigue resistance 3, 4) and high strain rate superplasticity. [5] [6] [7] Thus, techniques for producing nanostructured alloys are of considerable scientific and commercial interest due to their potential applications in the aerospace, automotive, structural, biomedical and electronics industries.
There are a number of methods for producing metallic materials with grain sizes in the sub-micron range, i.e.: rapid solidification, powder metallurgy and vapour condensation methods. A relatively simple method of producing submicron grain assemblies in larger components is by Equal Channel Angular Pressing (ECAP). This method was originally developed by Segal et al. 8) and involves subjecting a material to severe plastic deformation by repeatedly shearing a billet under constrained conditions, in a die with two channels of identical cross section that meet at an angle. The beauty of ECAP is the maintenance of the original billet dimensions regardless of the degree of strain which has significant importance, as other deformation techniques usually produce nanostructured alloys in the form of filaments or foils, and these are of little use for structural and other end uses.
Due to the large stored energy associated with ultrafinegrain as-deformed microstructures, 1) there is limited stability of the material during subsequent elevated temperature processes such as annealing, forming or in-service use. A fine grain size may eventually be replaced by a coarse grained microstructure by discontinuous grain coarsening. 9) However, under certain circumstances these sub-micron grain sizes may be stable if particles are present in the microstructure. 1) In light of the challenges associated with grain stability, a more fundamental understanding of the formation of fine-grained microstructures in metals by ECAP is needed as well as the influence of deformation structure and particle dispersion on grain stability. The aim of the present work is to carry out a systematic study of grain growth in particlecontaining alloys using a binary Al-Sc system processed to produce nanosized Al 3 Sc particles uniformly dispersed throughout the deformation substructure.
Experimental Procedure
A high purity Al-Sc alloy containing 0.2 mass% Sc was chill cast to produce 15 mm diameter ingot, swaged to 10 mm diameter then solution heat treated above the solvus for 48 h at 620 C and cold water quenched after the solution treatment. Samples of length 100 mm were then deformed by ECAP to an effective true strain of 9.2. The ECAP rig had characteristic angles È ¼ 90 and ¼ 0 and pressing was carried out using graphite-based lubricant at a ram speed of 10 mm/min to a total of 8 passes with 90 rotation between passes (termed route B c
10)
). Following deformation, the alloy was pre-aged for 3 h at 350 C. The Al-rich end of the Al-Sc phase diagram is characterised by a eutectic point at 655 C and 0.5 mass% Sc and a maximum solubility of 0.35 mass% Sc at this temperature.
11) The solid solubility is markedly reduced with decreasing temperature. Therefore, on ageing at low temperatures, this alloy system is expected to precipitate spherical particles of coherent Al 3 Sc by homogeneous nucleation and growth.
12) The presence or absence of a dislocation substructure was shown to have no marked influence on precipitation behaviour. 11) Therefore, the aim of this preageing treatment was to produce a stable grain size via the precipitation of fine (<10 nm) particles onto the deformation substructure.
After pre-ageing, samples were annealed isothermally for up to 7200 s at temperatures of 400, 450 and 500 C. The kinetics of softening was determined by microhardness measurements using a 25 g load and grain stability and particle/grain boundary interactions were investigated using scanning electron microscopy (SEM), electron backscatter diffraction (EBSD) in the SEM, focused ion beam (FIB) microscopy and transmission electron microscopy (TEM). A detailed description of these procedures is given in Ref. 13 ).
Results
3.1 Microstructure after deformation and pre-ageing treatment The alloy was deformed by ECAP in the single-phase condition which generated a hardness of 50 Hv (25 g ). Figure 1 shows typical TEM micrographs of the as-deformed alloy in both the normal direction (ND) and elongation direction (ED) of the as-pressed billet. The microstructure exhibits a very fine cellular substructure of size $250 nm with the smeared ring-like selected area electron diffraction (SAED) pattern implying that a large orientation distribution of crystallites and large fraction of high angle grain boundaries (HAGBs) is produced. It is clear from Fig. 1 that the grains are essentially equiaxed in both directions due to the appropriate selection of processing route B c . 10) The change in hardness during pre-ageing at 350 C is given in Fig. 2 which shows a peak in hardness at low ageing times and a rapid decrease thereafter. This behaviour is similar to recent work on a comparable Al-Sc binary alloy.
14)
The initial increase in hardness is attributed to the formation of coherent particles while the general decrease in hardness at longer ageing times is likely to be associated with particle coarsening and gradual recovery of the deformation substructure. Figure 3 shows the microstructural evolution during pre-ageing at 350 C which shows gradual coarsening of the substructure and the development of an equiaxed submicron grain size with a low internal dislocation density. A pre-ageing time of 3 h at 350 C was chosen prior to higher temperature annealing as this time corresponded to a rapid hardness drop and the development of an equiaxed grain structure of average radius 400 nm together with a dispersion of 5 nm diameter Al 3 Sc particles.
Microstructural development during isothermal
annealing The effect of annealing time on grain coarsening at elevated temperatures (400 to 500 C) is given in Fig. 4 showing both hardness (Fig. 4a ) and grain size (Fig. 4b) , the latter estimated by linear grain size measurements on six TEM micrographs per annealing condition. Figure 5 shows representative TEM micrographs during various stages of annealing at 400 and 500 C which shows that, while annealing at high temperatures results in a significant decrease in hardness, the initial fine-grained structure remains stable with only gradual and uniform coarsening of the microstructure. During annealing at temperatures greater than 500 C 13) or for long annealing times at 500 C (>1 h), there was evidence that continu- Grain Growth in a Nanocrystalline Al-Sc Alloy 2265 ous grain coarsening was eventually replaced by discontinuous coarsening. Figure 6 (a) shows FIB ion channeling contrast (ICC) micrographs which demonstrates that grain coarsening was gradual and uniform at low temperatures (<500 C) whereas higher temperatures eventually resulted in discontinuous grain coarsening (Fig. 6b) .
Preliminary EBSD has been carried out on selected samples after deformation, pre-ageing and annealing. Figure 7 shows the distribution of misorientations after deformation and lightly pre-aging for 1 h at 350 C. It is clear that ECAP and has not generated a random distribution of grains (see e.g.
15)
). Nevertheless, the average misorientation ( " ) between grains was calculated to be $28 with a high angle grain boundary (HAGB) fraction (i.e. fraction of misorientations between neighbouring grains >15 in the total population of grains) computed to be 0.70. This information indicates that ECAP generates a sub-micron grained structure with a large fraction of HAGBs which is similar to several other studies on severely deformed alloys. 1, 9, 16, 17) 3.3 Particle interactions with dislocations and grain boundaries Following annealing at various annealing temperatures, a dispersion of nanosized Al 3 Sc particles was observed by TEM. At the temperatures studied in this work, the Al 3 Sc particles remained essentially coherent with Al matrix, even after long annealing times. Coherent particles were characterised by the presence of mushroom-shaped strain fields as a result of the anisotropy in their coherency. 18) Figure 8 shows a large number of nanosized Al 3 Sc particles within a grain, whereby full coherency is denoted by the strain fields, and some larger, particles present on grain boundaries. At the highest annealing temperature (i.e. 2 h at 500 C), the average particle radius is predicted to be $25 nm (see e.g. section 4.3.1). Such a particle radius is below the critical range where full coherency is expected to be lost. 11, 18) Therefore, the majority of particles present in Al-0.2Sc during annealing at temperatures up to 500 C are expected to remain, at least, semi-coherent.
The interaction between particles and both dislocations and grain boundaries was commonly observed during annealing. Figure 9 is a bright field TEM micrograph showing the interaction of particles with the grain structure during annealing where particles can be seen on individual dislocations, grain faces and grain edges. 19, 20) predicts that microstructures with a large fraction of low angle grain boundaries (LAGBs) are intrinsically unstable and this results in discontinuous recrystallization (abnormal grain growth). 19, 21, 22) It is known that highstrain deformation processes such as ECAP can generate a microstructure that on subsequent annealing produces a submicron grained structure consisting mainly of crystallites surrounded by HAGBs (see e.g. chapter 14 in Ref. 9 ). Furthermore, annealing often results in no significant change in the fraction of HAGBs, with the deformed grains/ subgrains simply becoming more equiaxed and slightly larger. This stable, homogeneous microstructural evolution is often termed continuous recrystallization.
Discussion
9) It was also predicted 9, 19) that at least 60-70% HAGBs are necessary to ensure microstructural stability.
During ECAP, the ratio of high angle to low angle boundaries, and hence the mean misorientation ( " ) increases with increasing strain. 1, 9, 17) The stability of this microstructure against discontinuous grain coarsening is therefore expected to increase as " increases (i.e. increasing strain). 9, 19, 21) The present Al-0.2Sc alloy produced by ECAP and pre-ageing was found to contain both a sub-micron grain structure (Fig. 4) and a large fraction of HAGBs (Fig. 7) which was highly resistant to grain coarsening at temperatures below 500 C. Despite the large fraction of HAGBs in alloys produced by ECAP, single-phase, fine-grained structures have such a high stored energy due to the large grain boundary area per unit volume that annealing even at a moderate temperature will eventually result in discontinuous grain coarsening. 9, 19, 21) The most effective method of further stabilising these submicron grain structures is with a dispersion of a large volume fraction of second-phase particles. To maintain a small grain size at high annealing temperatures, particles must be present in large quantities to prevent abnormal grain growth. For example, f =r > 1:2 mm À1 is required to stabilise a grain structure of average radius 0.5 mm. 1) In the present alloy, annealing at temperatures up to 500 C produced very limited and continuous grain coarsening (Fig. 4) and it required long times at temperatures of at least 500 C (Fig. 6 ) to initiate discontinuous grain coarsening. It is clear that, despite the fact that the present alloy contains only 0.2 mass% Sc, the alloy shows remarkable stability during annealing at high temperatures and indicates that the fine stable Al 3 Sc particles have a major influence on this stability. Grain Growth in a Nanocrystalline Al-Sc Alloythe thermal stability of the Al-Sc system with other alloy systems produced by ECAP. Figure 10 shows the effect of annealing temperature on the average grain radius for the present alloy together with published data on Al-3Mg, [23] [24] [25] AA3004 and AA1100 Al alloys 26) and a commercial purity 99.5% Al alloy. 27) These alloys were also produced by ECAP to varying equivalent strains ranging from 1-10. It is clear that the Al-Sc alloy is remarkably stable, with the grain size remaining essentially constant up to high temperatures. Instantaneous grain growth rates have been computed for Al-0.2Sc and the commercial Al alloys in Fig. 10 13) where it was found, for example, that Al-0.2Sc coarsens at approximately 10 to 300 times below that of single phase alloys (at 200 C and 500 C, respectively). 13) This is a definite indicator of the high thermal stability of Al-0.2Sc.
Kinetics of grain growth in severely strained
4.3 Influence of particle parameters on grain growth 4.3.1 Variation of dispersion parameter, f =r, during annealing A supersaturated Al-Sc solid solution will precipitate a fine dispersion of Al 3 Sc with only the most minor quantity of alloy addition. 11, 18, 28, 29) These Al 3 Sc particles are initially coherent with the surrounding matrix and have been observed to lose coherency through the detection of interfacial dislocations 11, 18) upon growing to a radius between 20-40 nm. Since it was extremely difficult to observe directly the large number of fine particles produced during ageing due to the high dislocation density in the microstructure, 13 ) the particle growth kinetics in Al-Sc can be estimated using various relationships. 11, 28, 29) A useful approach to the coarsening of Al 3 Sc particles in Al-Sc alloys was proposed by Marquis and Seidman 28) who utilised the LifshitzSlyozov-Wagner (LSW) theory of particle coarsening (see 30) ), i.e.:
where r is the average particle radius (mm) at ageing time, t, r o is the starting particle radius (r o ¼ 2:5 nm after 3 h at 350 C 13) ), T is absolute temperature, c and c are equilibrium concentrations of Sc in the Al matrix and Al 3 Sc, respectively, is the interfacial free energy between the Al matrix and Al 3 Sc ($0:2 J/m 228) ), V m is the partial molar volume of Sc in Al 3 Sc ($1:035 Â 10 À3 m 3 /mol 28) ), D o is 5:31 Â 10 À4 m 2 /s 28) and Q is the activation energy for bulk diffusion of Sc atoms in Al ($173 kJ/mol 11) ). The solid solubility, c , of Sc in the -Al matrix is given as: 28) c ¼ expðÁS=RÞ Á expðÀÁH=RTÞ ð 2Þ
where ÁS=R is a constant (= 6.57) and ÁH is the enthalpy change (= 62.8 kJ/mol) for dissolving Sc in -phase. The equilibrium concentrations are expressed as volume fraction 
Misorientation (° )
Frequency (%) Fig. 7 Misorientation distribution of adjacent grains after deformation to a true strain of 9.2 and pre-ageing for 1 h at 350 C. Superimposed on this experimental distribution is the theoretical distribution for an aggregate of randomly-oriented grains. Grain Growth in a Nanocrystalline Al-Sc Alloyterms such that c is 0.01 times eq. (3) and c ¼ 0:25). Figure 11 shows eq. (1) plotted for various temperatures and compared with the recent experimental data of Iwamura and Miura 18) for a coarse grained Al-0.2%Sc alloy. There is good agreement between the model and experiment which indicates that eq. (1) may be used with confidence to study grain growth in the presence of coarsening particles. It must be noted, however, that the rate of particle coarsening in the presence of a heavily dislocated substructure may be slightly different to that observed within large recrystallized grains. Iwamura and Miura developed a more detailed model of particle coarsening in Al-Sc alloys by taking into account the influence of coherency on the coarsening rate of Al 3 Sc. In the present work, the average particle radius is not expected to exceed 25 nm which indicates that eq. (1) is adequate for this work.
The volume fraction, f , of Al 3 Sc particles during ageing of the heavily deformed Al-Sc alloy is also difficult to quantify. 13) However, if we take the nominal composition of the alloy as Al-0.2 mass% Sc (i.e. c o ¼ 0:12 at% Sc 11) ), we can estimate f from the Al-Sc phase diagram:
The dispersion parameter, f =r, is a useful indicator of the expected annealing behaviour of particle-containing polycrystalline alloys. 9, 31) This parameter was calculated from eqs. (1) and (3) and is plotted in Fig. 12 as a function of annealing time for a range of annealing temperatures. This figure shows clearly the strong effect of temperature on the dispersion parameter; an implicit parameter in equations predicting both the transition from continuous to discontinuous grain growth during annealing 20) and the limiting grain size in particle-containing alloys. 31) 4.3.2 Prediction of particle limiting grain size in the AlSc alloy In 1948, Zener 32) proposed that the driving pressure for grain growth due to the curvature of the grain boundary would be counteracted by a pinning (drag) pressure exerted by the particles on the boundary and consequently showed that normal grain growth would be completely inhibited when the grain size reaches a critical maximum grain radius (R c ) given by:
Equation (5) is known as the Zener Equation and its general form is given as:
where K is a dimensionless constant and m an index for f .
Experimental grain size data for a wide range of particlecontaining Al and Fe alloys (for initial grain sizes greater than 0.1 mm) have been shown to closely follow eq. (5) with K ¼ 0:17 and m ¼ 1:0, particularly for low volume fractions of particles ( f < 0:05). 31) There are a number of theoretical treatments that predict the same relation for grain growth in the presence of coherent particles (see Table 2 in Ref. 31) . The following equation is therefore applicable for many alloy systems: Grain Radius (µm) Fig. 10 Grain radius as a function of annealing temperature (1 h and 2 h annealing at a given temperature) for Al-0.2Sc and various commercial Al alloys produced by ECAP. Figure 13 shows the values of R c =r for Al-0.2Sc for a range of annealing times and temperatures as a function of particle volume fraction. The value of rðt; TÞ and f ðTÞ were calculated from eqs. (1) and (3), respectively, for temperatures in the range 400 to 500 C. The R c =r values for Al-0.2Sc can be seen to lie in the vicinity of both Zener's original prediction (eq. (4)) and the modified relation (eq. (6)). It is pertinent to note that low annealing temperatures generates values of R c =r in Al-0.2Sc considerably greater than that predicted by eq. (6) but these values gradually decrease at higher annealing temperatures. After ECAP and pre-ageing, the actual grain size in the Al-Sc alloy is expected to be greater than R c (from eq. (6). However, higher annealing temperatures results in both particle coarsening (eq. (1)) and a reduction in f (eq. (3)) and eventually produces an experimetal grain size similar to that described by eq. (6) . The work on Al-Sc therefore indicates that eq. (6), which is generated mainly from grain size data greater than 1 mm, is also reasonably applicable as a working relation for sub-micron grain sizes. Finally, it is important to point out that the values of r and f for Al-0.2Sc were generated indirectly using both LSW particle coarsening theory and previous experimental data. A more rigorous test of eq. (6) for nanocrystalline alloys has been made by the direct measurement of particle parameters. 33) 
Conclusions
An Al-0.2 mass% Sc alloy was deformed in the solution treated condition to a true strain of 9.2 by equal channel angular pressing then pre-aged at 350 C to produce a submicron grained microstructure containing nanosized Al 3 Sc particles. It was found that the structure was highly stable during annealing at temperatures up to 500 C with very limited continuous grain coarsening due to Zener pinning from the highly stable Al 3 Sc particles. It was shown that the limiting grain size, R c , in the Al-Sc alloy may be reasonably predicted by the relation: R c ¼ 0:17r=f , which is that found to be most applicable for coarse-grained alloys and indicates its validity for predicting the limiting grain size in submicron, particle-containing alloys. 4), 32) and data obtained for a wide range of Al and Fe alloys, Eq. (6). 31) Grain Growth in a Nanocrystalline Al-Sc Alloy 2271
